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Abstract 

Background: Neuropsychiatric symptoms such as psychosis are prevalent in patients with probable Alzheimer's 
disease (AD) and are associated with increased morbidity and mortality. Because these disabling symptoms are 
generally not well tolerated by caregivers, patients with these symptoms tend to be institutionalized earlier than 
patients without them. The identification of protective and risk factors for neuropsychiatric symptoms in AD would 
facilitate the development of more specific treatments for these symptoms and thereby decrease morbidity and 
mortality in AD. The E4 allele of the apolipoprotein E (APOE) gene is a well-documented risk factor for the 
development of AD. However, genetic association studies of the APOE 4 allele and BPS in AD have produced 
conflicting findings. 

Methods: This study investigates the association between APOE and neuropsychiatric symptoms in a large sample 
of clinically well-characterized subjects with probable AD (n=790) who were systematically evaluated using the 
Consortium to Establish a Registry for Alzheimer's Disease (CERAD) Behavioral Rating Scale for Dementia (BRSD). 

Results: Our study found that hallucinations were significantly more likely to occur in subjects with no APOEA 
alleles than in subjects with two E4 alleles (15% of subjects and 5% of subjects, respectively; p=.0066), whereas 
there was no association between the occurrence of delusions, aberrant motor behavior, or agitation and the 
number of E4 alleles. However, 94% of the subjects with hallucinations also had delusions (D+H). 

Conclusion: These findings suggest that in AD the E4 allele is differentially associated with D+H but not delusions 
alone. This is consistent with the hypothesis that distinct psychotic subphenotypes may be associated with the 
/APOE allele. 
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Introduction 

Alzheimer's disease (AD) is a neurodegenerative disorder 
that is characterized by a decline in cognitive function, 
most notably in the areas of short-term memory and 
learning. Between 30% and 60% of patients who are 
affected with AD also develop psychotic symptoms (i.e., 
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hallucinations or delusions) during the course of their 
illness [1]. Psychotic symptoms in these patients are 
associated with aggression, which results in earlier and 
more frequent institutionalization compared to patients 
who are free of psychotic symptoms [2,3]. Therefore, it 
is critical to understand the genetic, environmental, and 
medical factors that may increase the risk for developing 
psychosis in patients with AD. 

One well-known risk factor for AD, particularly for 
late-onset AD (LOAD), that may increase the risk of 
developing psychosis in patients with AD is the E4 allele 
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of the apolipoprotein E (APOE) gene [1]. At least 26 
studies have investigated a possible association between 
the AP0E*4 allele and the presence of psychotic symp- 
toms in AD (AD+P)[4], but these study findings have 
been inconsistent: 9 studies reported a significant associ- 
ation, whereas 17 studies found no relationship or were 
otherwise inconclusive [1,4,5]. In this study, we system- 
atically assessed 790 subjects with probable AD at base- 
line to investigate whether a relationship exists between 
the AP0E*4 allele and four neuropsychiatric symptom 
(BPS) domains: hallucinations, delusions, agitation, and 
aberrant motor behavior. 

Materials and methods 

Subjects 

All data for this study were obtained using protocols that 
were approved by the institutional review board at the 
University of Pittsburgh. The study initially included 812 
patients from the University of Pittsburgh Alzheimer 
Disease Research Center (ADRC) who met the National 
Institute of Neurological and Communicative Disorders 
and Stroke-Alzheimer's Disease and Related Disorders 
Association (NINCDS-ADRDA) clinical criteria for 
probable AD during the years 1992-2007. All subjects 
followed University of Pittsburgh ADRC protocol by 
participating in standardized neurological, psychiatric, 
neuropsychological, and functional evaluations, includ- 
ing the Mini-Mental State Examination (MMSE) and 
the Clinical Dementia Rating (CDR) scale [6]. Demo- 
graphic data collected during the initial visit included gen- 
der, education, age and duration of illness. The MMSE 
and CDR scores used in this study correspond to subject 
visits that occurred within six months of the initial neuro- 
psychiatric evaluation visit. All procedures were approved 
by an institutional review board and written informed 
consent was obtained from the patient for publication of 
this report. 

Neuropsychiatric symptom assessments 

Neuropsychiatric symptoms were evaluated using the 
1992 and 1996 versions of the Consortium to Establish a 
Registry for Alzheimer's Disease (CERAD) Behavioral Rat- 
ing Scale for Dementia (BRSD). The BRSD collects infor- 
mation from informants on six domains that are designed 
to quantify the severity of neuropsychiatric abnormalities 
in demented subjects [7,8]. In this study, we used ratings 
from the first assessment that was conducted with infor- 
mants after subjects were initially diagnosed with probable 
AD. We focused on three neuropsychiatric domains gen- 
erated from the BRSD items: psychosis (12 items), agita- 
tion (3 items), and aberrant motor behavior (2 items). 
Given that previous studies have reported conflicting find- 
ings concerning the relationship between the APOE e4 
allele and psychosis [1,4], we subdivided the psychosis 



category into two domains: hallucinations (2 items) and 
delusions (10 items). Hallucinations were defined as sen- 
sory perceptions that were not observed by others and 
delusions were defined as fixed false beliefs. Agitation was 
defined as uncooperative, verbally abusive, and physically 
aggressive behavior. Aberrant motor behavior was defined 
as restless, confused, or nonpurposeful activity. Neuro- 
psychiatric symptoms that only occurred during an epi- 
sode of delirium were not rated as present. 

APOE genotyping 

The APOE three-allelic polymorphism was screened by 
PCR-based assay as previously described [9]. Genomic 
DNA were amplified using a forward primer El, 5'-GCGG 
ACATGGAGGACGTG-3' and a reverse primer E2, 5'-GG 
CCTGGTACACTGCCAG-3'. The 177-nucleotide ampli- 
fied product was digested directly with the restriction 
enzyme Hhal. The digested DNA was separated on 8% 
nondenaturing polyacrylamide gel in 1 X TBE buffer, fol- 
lowed by staining with ethidium bromide solution. The 
APOE polymorphism was then typed by visualization 
under UV light. 

Statistical analysis 

Four neuropsychiatric domains were included in the ana- 
lyses: hallucinations, delusions, agitation, and aberrant 
motor behavior. These domains were modeled as dichot- 
omous: subjects for whom informants reported one or 
more items in a domain were classified as positive for that 
domain, whereas subjects for whom informants reported 
no occurrences of any item in a domain were classified as 
negative for that domain. Descriptive statistics of demo- 
graphics and the neuropsychiatric domains are presented 
as mean and standard deviation (SD) for continuous vari- 
ables and as frequency and percentage of group totals for 
categorical variables. 

Differences in continuous variables by categorical vari- 
ables were assessed using analysis of variance (the two- 
sample i-test for two-category variables), and associations 
between categorical variables were assessed using the chi- 
square test. Generalized linear regression with log link 
and error modeled as Gaussian was used to estimate the 
relative risk (RR) and 95% confidence intervals (CIs) of the 
occurrence of at least one abnormal neuropsychiatric 
symptom in a given domain according to the number of 
APOE*4 alleles (treated as categorical, with "no alleles" as 
the reference category) [10,11]. The model covariates were 
gender, education, age at BRSD assessment, baseline 
MMSE score, duration of illness, and baseline CDR score. 
Age, education, duration of illness, and MMSE were mod- 
eled as restricted cubic splines with three degrees of 
freedom to account for potential nonlinear trends [11,12], 
and CDR was modeled as categorical (0.5, 1, 2, 3+). If a 
significant association between behavioral domain and 
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the number of AP0E*4 alleles was found, a post-hoc 
analysis, modeling the number of APOEH alleles as 
continuous was carried out to determine if a dose-re- 
sponse effect was present. Confidence intervals were 
obtained through the construction of likelihood profiles 
for each parameter [13]. 

Classification of a domain as positive or negative was 
not possible for cases where at least one item in that do- 
main was missing and the remaining items were either 
coded as 0 (i.e., the behavior or symptom was not present) 
or were also missing. For these cases, the domain was 
imputed to the median response of all individuals with 
non-missing domain values. As a sensitivity analysis, a 
second set of models was run to impute the missing do- 
main values to the alternate values. For example, the hal- 
lucination domain consists of two items: auditory and 
visual hallucinations. Most individuals recorded having no 
hallucinations (i.e., median=0, no events), and thus, if an 
individual recorded no auditory hallucinations and gave 
no information regarding visual hallucinations, then for 
the primary analysis the hallucinations domain for that in- 
dividual was coded as negative but for the sensitivity ana- 
lysis the individual was coded as having at least one 
hallucination event. 

A secondary analysis was used to compare subjects 
who experienced both hallucinations and delusions to 
subjects who only experienced delusions. This analysis 
examined the frequency and percent of subjects who 
experienced delusional domain items, broken down by 
item, from the 1996 version of the BRSD [8]. For each 
item, subjects with a missing value for that item were 
excluded from the analysis. All statistical analyses were 
carried out using R 2.11.1 [12,15]. 

Results 

Of the 812 subjects with AD who were originally consid- 
ered for this study, 21 (5%) had APOE genotype E2E4. 
Because of the protective effects that have been previ- 
ously reported for the AP0E*2 allele [15], individuals 
with the E2E4 genotype were excluded from this ana- 
lysis, although including them in the analyses produced 
similar results to those presented below. An additional 



subject with no neuropsychiatric data available was also 
excluded, leaving 790 subjects for the analysis. Table 1 
shows that 348 subjects (44%) had no AP0E*4 allele, 
368 (47%) had one E4 allele, and 74 (9%) had two E4 
alleles. The sample was 33% male and had a mean edu- 
cation of 12 years, a mean illness duration of 4 years, a 
mean MMSE score of 17.6, and a mean CDR score of 
1.29. The mean age at assessment decreased in relation 
to the number of APOEH alleles subjects possessed, 
from 78.1 years (SD 5.9) for those with no APOEH 
alleles to 72.8 years (SD 5.4) for those with two AP0E*4 
alleles, but otherwise there was no evidence of an associ- 
ation between the demographic variables and the num- 
ber of APOEH alleles. 

Table 2 shows the frequency of reported neuropsychi- 
atric symptoms in the four domains by number of APOEH 
alleles and the RR of a neuropsychiatric symptoms in a 
given domain by one or two APOEH alleles versus no 
APOEH alleles. Of the 790 subjects, 110 (14%) had miss- 
ing values for at least one item in the BRSD. The occur- 
rence of hallucinations was imputed for 6 (0.8%) subjects, 
the occurrence of delusions was imputed for 101 (13%) 
subjects, and the occurrence of aberrant motor behavior 
was imputed for 9 (1%) subjects; there were no missing 
agitation values, so no imputation was necessary for this 
domain. Across all 790 subjects, 99 (13%) experienced at 
least one occurrence of hallucinations, 540 (68%) experi- 
enced an occurrence of delusions, 327 (41%) experienced 
an occurrence of agitation, and 426 (54%) experienced an 
occurrence of aberrant motor behavior. In comparing sub- 
jects with different numbers of APOEH alleles, the occur- 
rence of hallucinations tended to decrease as the number 
of APOEH alleles increased; we found that 53 (15%) sub- 
jects with no APOEH alleles experienced hallucinations, 
whereas only 4 (5%) subjects with two APOEH alleles 
experienced hallucinations. These results are illustrated by 
the decreasing RRs of hallucinations for one APOEH allele 
(0.71, 95% CI [0.50, 0.97]) and two APOEH alleles (0.32, 
95% CI [0.00, 0.74]) versus no APOEH alleles after adjust- 
ing for age, gender, education, duration of illness, MMSE 
score, and CDR score at assessment. A post-hoc analysis 
modeling the number of APOE*4 alleles as continuous 



Table 1 Demographics and clinical characteristics of Alzheimer's disease study sample 





No APOE*4 alleles (n=348) 


One APOE*4 allele (n=368) 


Two APOE*4 alleles (n=74) 


P* 


Male, frequency (%) 


111 (32%) 


1 1 6 (32%) 


32 (43%) 


.131 


Age at assessment, mean [SD] 


78.1 [5.9] 


76.2 [5.8] 


72.8 [5.4] 


<.001 


Duration of illness (years) 


37 [2.5] 


4.2 [2.9] 


3.9 [2.8] 


.077 


Education (years) 


12.5 [3.1] 


1 2.8 [3.0] 


13.1 [2.7] 


.208 


Baseline MMSE 


1 7.5 [5.8] 


17.6 [5.2] 


1 7.5 [5.8] 


.960 


Baseline CDR 


1.31 [0.69] 


1 .29 [0.63] 


1 .24 [0.67] 


.623 



*Chi-square tests for differences in gender by genotype, and ANOVA for differences in means across genotype for all other demographic measures. 
Abbreviations: APOE, apolipoprotein E; MMSE, Mini-Mental State Examination; CDR, Clinical Dementia Rating scale; ANOVA, analysis of variance. 
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Table 2 Frequency of AD subjects with at least one neuropsychiatric symptom in a given domain, and relative risk for 
the symptom in that domain by one and two APOE *4 alleles versus no AP0E*4 allele 



Domain 


No APOE *4 allele (n=348) 


One APOE *4 allele (n=368) 


Two APOE *4 alleles (n=74) 


P* 


Hallucinations (2 items) 


Frequency (%) 


53 (15%) 


42 (11%)** 


4 (5%) 




RR 95% CI 


1.00 


0.71 (0.50, 0.97) 


0.32 (0.00, 0.74) 


0.0066 


Delusions (10 items) 


Frequency (%) 


241 (69%) 


259 (70%) 


40 (54%) 




RR 95% CI 


1.00 


1.05 (0.96, 1.15) 


0.87 (0.72, 1 .07) 


0.160 


Agitation (3 items) 


Frequency (%) 


1 50 (43%) 


147 (40%) 


30 (41%) 




RR 95% CI 


1.00 


0.93 (0.79, 1.11) 


1 .04 (0.77, 1 .35) 


0.628 


Aberrant motor behavior (2 items) 


Frequency (%) 


1 96 (56%) 


1 95 (53%) 


35 (47%) 




RR 95% CI 


1.00 


0.94 (0.83, 1 .07) 


0.86 (0.67, 1 .08) 


0.382 



*Generalized linear models of domain on the number of APOE *4 alleles (treated as categorical) with log link, and error modeled as Gaussian and with the 
following covariates: age, duration of illness, MMSE, CDR, gender, and education. 
**2 subjects with 1 APOE A allele were missing all hallucination domain data. 

Abbreviations: APOE, apolipoprotein E; RR, relative risk; CI, confidence interval; MMSE, Mini-Mental State Examination; CDR, Clinical Dementia Rating scale; BRSD, 
Behavioral Rating Scale for Dementia. 



yielded a test for trend p-value of 0.0021 and an estimated 
relative decrease in risk of hallucinations of 34% for each 
increase in one APOE*4 allele, that is, a relative risk of 
0.66, 95%CI (0.49, 0.86). There was no evidence of associa- 
tions between the number of APOEH alleles and the oc- 
currence of neuropsychiatric symptoms in the other three 
domains. Sensitivity analyses that imputed domains with 
missing items to the alternate values yielded similar 
results. 

Of the 99 subjects who experienced hallucinations, 93 
(94%) experienced at least one delusion as well, and of 
the 538 subjects who experienced delusions and had 
non-missing values for hallucinations, 445 (83%) experi- 
enced no hallucinations. The RR of delusions without 
hallucinations was 1.14 (95% CI [1.00, 1.29]) for subjects 



with one APOEH allele and 1.00 (95% CI [0.77, 1.29]) 
for subjects with two APOEH alleles versus subjects 
with no APOEH alleles, in contrast to the RR of halluci- 
nations and delusions of 0.71, (95% CI [0.52, 0.97]) and 
0.34 (95% CI [0.11, 1.05]) for one and two APOEH 
alleles respectively vs. no alleles. We conducted a sec- 
ondary analysis comparing the 445 subjects with delu- 
sions and no hallucinations (D) to the 93 subjects with 
delusions and hallucinations (D+H). Our findings, sum- 
marized in Table 3, show that the D+H group had a sig- 
nificantly longer duration of illness, lower MMSE scores, 
and higher CDR scores compared to the D group. On 
the other hand, there were no significant differences in 
gender, age at assessment, and education between the 
two groups. Although there was no significant difference 



Table 3 Demographic and clinical characteristics of AD subjects with delusions only compared to subjects with 
delusions and hallucinations 





Delusions without hallucinations (D) (n=445)** 


Delusions and hallucinations (D+H) (n=93)** 


P value* 


Male, frequency (%) 


129 (29%) 


1 9 (20%) 


.120 


APOE £4 allele frequency .116 


0 APOE e4 alleles 


191 (43%) 


50 (54%) 




1 APOE e4 allele 


218 (49%) 


39 (42%) 




2 APOE e4 alleles 


36 (8%) 


4 (4%) 




Age at assessment, mean (SD) 


77.4 (5.8) 


77.7 (6.9) 


.732 


Duration of illness (years) 


4.1 (2.6) 


5.0 (3.2) 


.010 


Education (years) 


1 2.3 (2.9) 


1 1 .8 (2.5) 


.091 


Baseline MMSE 


17.1 (5.6) 


1 5.4 (6.0) 


.010 


Baseline CDR 


1 .35 (0.65) 


1 .75 (0.76) 


<.001 



*Chi-square test for gender and allele frequency; t-test for all others. 

** 2 subjects missing all hallucination domain data are omitted from this analysis. 

Abbreviations: APOE, apolipoprotein E; SD, standard deviation; MMSE, Mini-Mental State Examination; CDR, Clinical Dementia Rating scale. 
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in APOEH allele frequency between the two groups, the 
D+H group tended to have lower APOEH frequencies 
than the D group. As Figure 1 illustrates, the D+H group 
had significantly higher frequencies for each kind of de- 
lusion item than the D group. All comparisons were sta- 
tistically significant (paranoid and imposter, P<.05, all 
others, P<.01). 

Discussion 

In this study of AD, we found a significant dose- 
dependent relationship between the number of APOEH 
alleles and hallucinations but no association between 
APOEH and aberrant motor behavior or agitation. We 
also found important differences between AD patients 
with delusions alone and AD patients who experienced a 
co-occurrence of hallucinations and delusions at the 
time of baseline assessment. In previous studies, halluci- 
nations and delusions were usually combined and cate- 
gorized under the broad category of psychosis [16], and 
the largest of these studies have shown no association 
between AP0E*4 and a broad category of psychosis 
[5,17]. In a recent genome-wide association study 
(GWAS), the odds ratio (OR) was 1.09 for the rs2927438 



SNP in the AP0E*4 locus that showed the strongest as- 
sociation between AD with and without psychosis, but 
this association did not reach statistical significance 
(p=.306) [5] However, the current study illustrates that 
these modest genetic effects might be obscured when 
the psychosis phenotype cannot be further subdivided 
(e.g., D+H or D alone). The findings of the present study 
suggest that psychotic AD subjects who experience hal- 
lucinations and delusions may comprise a genetic cat- 
egory that is distinct from those subjects who experience 
delusions exclusively. These results are partially sup- 
ported by several studies that have previously looked at 
the possibility of subphenotypes within the broader 
category of AD+P [16,18]. In order to analyze this pos- 
sible distinction, we classified subjects into two non- 
overlapping groups in this study so that each individual 
patient belonged to only one group: given that nearly all 
of the subjects who experienced hallucinations also 
experienced delusions, one of those groups included 
subjects who experienced both delusions and hallucina- 
tions (D+H) and the other included subjects who experi- 
enced D alone. Under the aforementioned two-group 
classification model, we found that AD patients with D 



Others in house n=54 
n=324 



Misidentify people n=92 
n=438 

Paranoid n=91 
n=443 

House not home n=90 
n=438 

Dead person alive n=54 
n=324 



Other delusion n=82 
n=407 



Infidelity n=53 
n=241 

Abandonment n=91 
n=440 

TV real n=93 
n=443 

Imposter n=90 
n=444 
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Figure 1 Frequency of Delusion Type by Group. Legend: Frequency of specific delusion items by group (delusions and hallucinations vs. 
delusions only). This figure demonstrates that the delusions and hallucinations group had statistically significant higher frequencies for every kind 
of delusions compared to the group that experienced delusions only. 
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+H were more severely affected than the AD patients 
with D alone (i.e., the patients with D+H had a longer 
duration of illness, lower baseline MMSE scores, and 
higher CDR scores than patients with D alone). Al- 
though it is possible that the D+H subjects were simply 
farther along in their stage of disease than the D alone 
subjects, both groups were in the same stage of demen- 
tia (moderate) and the differences in MMSE and CDR 
between the two groups were not clinically meaningful. 

Interestingly, the D+H subjects also experienced signifi- 
cantly higher frequencies of all types of delusions com- 
pared to subjects with D alone. Of note, delusions of 
misidentification, which are typically associated with de- 
mentia with Lewy bodies, were reported in 63% of subjects 
with D+H. Unfortunately, we do not have sufficient neuro- 
pathological information to determine whether these sub- 
jects have Lewy body related and AD pathologies. 

After controlling for potential confounders, we con- 
sistently found a protective effect of the APOEH allele 
against D+H. We have previously proposed that there 
are potentially two plausible genetic models of AD with 
D+H [1]: first, a heterogeneity model in which alleles 
predispose or are protective against the development of 
AD pathology and subsequent psychosis and, second, a 
disease-modifier model in which alleles increase the risk 
of psychosis but only in the presence of AD. A recent 
GWAS in AD + P found no support for either model, as 
there was no genome-wide significant finding for AD + 
P when compared to controls (testing model 1) or be- 
tween AD with and without psychosis (testing model 2) 
[5]. However, even though that GWAS included the lar- 
gest available cohort of AD with (n=1299) and without 
psychosis (n=735), the power to observe alleles of small 
effect was limited. Another explanation for the lack of sig- 
nificant GWAS findings may be that the susceptibility to 
develop psychosis is due to nongenetic familial factors. 

One limitation of this study is that we used proxy report- 
ing instead of direct observation to assign the presence or 
absence of neuropsychiatric symptoms in each of the four 
domains we looked at. Previous studies have shown dis- 
crepancies in the accuracy of proxy reporting for assessing 
behavioral symptoms of dementia patients when compared 
with the use of direct observation [19]. Although direct ob- 
servation would have been the preferred method, the size 
and nature (comprised entirely of outpatient subjects) of 
our observed population made this impractical. Another 
limitation is due to missing values that required imputing 
the presence or absence of neuropsychiatric symptoms for 
a specific domain. However, our main finding involved hal- 
lucinations, which required imputation for less than 1% of 
the subjects. Furthermore, sensitivity analyses in which 
imputed values were set to the alternative value did not 
change our findings. Another limitation is that the variabil- 
ity observed in the role of APOEH with regard to D+H 



and AD can at least be partially accounted for by differ- 
ences in study design, the size of the cohort examined, the 
cognitive and neuropsychiatric tests used, and the tools 
and methods by which data were analyzed. In this study, 
for example, we noted a large degree of variation between 
our subjects in the number of follow-up assessments and 
in the time between follow-up assessments, and therefore 
we opted to analyze baseline assessments rather than lon- 
gitudinal assessments. It is possible, therefore, that our 
findings concerning AP0E*4 and psychosis may have dif- 
fered in a longitudinal data set. As mentioned previously, 
we attempted to account for these kinds of differences by 
including CDR, MMSE, and other indicators of disease 
stage as covariates in our analysis model. Another limita- 
tion of our study design, as in any case-control genetic as- 
sociation study, is the possibility of spurious associations, 
and thus these findings should be replicated in other large 
samples and in longitudinal studies. 

An important strength of our study is our rigorous clin- 
ical assessment of behavioral symptoms. Together with 
the size of our sample — one of the largest of its kind — and 
our use of AD research subjects who were recruited from 
a single geographical site, the comprehensiveness of the 
assessments enabled us to differentiate the subtypes of 
psychosis. However, the underlying mechanism by which 
APOE affects the occurrence of hallucinations and delu- 
sions has yet to be elucidated. 

Conclusion 

In the present study we found that hallucinations were 
significantly more likely to occur in subjects with no 
AP0E4 alleles than in subjects with two E4 alleles. Fur- 
thermore, our findings suggest that in AD the E4 allele 
is differentially associated with D+H but not delusions 
alone. This is consistent with our proposed hypothesis 
that distinct psychotic subphenotypes may be associated 
with the APOE allele. Future studies should take into ac- 
count that the psychotic phenotype in AD patients may 
not be homogenous, but consist rather of subphenotypes 
of hallucinations and delusions that in turn may have 
different genetic associations. 

Abbreviations 

AD: Alzheimer's Disease: LOAD: Late-onset Alzheimer's Disease; 
APOE: Apolipoprotein E; AD+P: Alzheimer's Disease with psychosis; D 
+H: Subjects that experienced both delusions and hallucinations; D: Subjects 
that experienced delusions exclusively; BRSD: Behavioral Rating Scale for 
Dementia; MMSE: the Mini-Mental State Examination; CDR: Clinical Dementia 
Rating scale. 

Competing interests 

We declare no actual or potential competing interests. 
Authors' contributions 

OL and RS obtained funding and evaluated the subjects at the University of 
Pittsburgh's Alzheimer's Disease Research Center that contributed data to 
this study. JS and EL drafted the initial manuscript. DC drafted the final 
manuscript and reviewed the literature for this manuscript. RS, DT, and SM 



Christie ef al. Behavioral and Brain Functions 2012, 8:62 
http://www.behavioralandbrainfunctions.eom/content/8/1/62 



Page 7 of 7 



participated in the design of the study. DT, MS and EW also contributed to 
subject tracking, scheduling, and collection of data, including conducting 
CERAD ratings. JS and SM performed the statistical analysis. IK carried out the 
molecular genetic studies. All authors read and approved the final 
manuscript. 

Acknowledgments 

This material is based upon work supported in part by the US Department of 
Veterans Affairs Office of Research and Development Biomedical Laboratory 
Research Program (Merit Review 1 101 BX000531 ). It is also supported by NIH 
grants NS48595, NS065070, NS062684, AG06781, AG10845, AG05136, 
AG05133, AG028383, AG008017, AG027224, AG10124, and AG030653. 
The authors wish to thank Andrew David for his expert editorial assistance. 

Author details 

'VISN-20 Mental Illness, Seattle, WA, USA. 2 Geriatric Research, Education and 
Clinical Centers, Seattle, WA, USA. department of Psychiatry, University of 
Pittsburgh, Pittsburgh, PA. 4 Department of Neurology, University of 
Pittsburgh, Pittsburgh, PA, USA. department of Human Genetics, University 
of Pittsburgh, Pittsburgh, PA, USA. 6 VISN-4 Mental Illness, Research, 
Education, and Clinical Center, VA Pittsburgh Healthcare System, Pittsburgh, 
PA, USA. 'Department of Psychiatry and Behavioral Sciences, University of 
Washington, Seattle, WA, USA. 

Received: 25 May 2012 Accepted: 12 December 2012 
Published: 27 December 2012 



14. R Development Core Team: R: A language and environment for statistical 
computing. Vienna, Austria, R Foundation for Statistical Computing. 2010. 

15. Corder EH, Saunders AM, Risch NJ, Strittmatter WJ, Schmechel DE, Gaskell 
PC Jr, Rimmler JB, Locke PA, Conneally PM, Schmader KE, et al: Protective 
effect of apolipoprotein E type 2 allele for late onset Alzheimer disease. 
Nat Genet 1994, 7:180-184. 

16. Bassiony MM, Lyketsos CG: Delusions and hallucinations in Alzheimer's 
disease: review of the brain decade. Psychosomatics 2003, 44:388-401. 

1 7. Demichele-Sweet MA, Lopez OL, Sweet RA: Psychosis in Alzheimer's 
disease in the national Alzheimer's disease coordinating center uniform 
data set: clinical correlates and association with apolipoprotein e. 
International journal of Alzheimer's disease 201 1, 201 1:926597. 

18. Lyketsos CG, Sheppard JM, Steinberg M, Tschanz JA, Norton MC, Steffens 
DC, Breitner JC: Neuropsychiatric disturbance in Alzheimer's disease 
clusters into three groups: the Cache County study. Int J Geriatr Psychiatry 
2001, 16:1043-1053. 

19. Woods DL, Bushnell B, Kim H, Geschwind D, Cummings J: Apolipoprotein 
epsilon4 status is associated with behavioral symptoms in nursing home 
residents with dementia. Int Psychogeriatr 2009, 21:722-728. 



doi:1 0.1 1 86/1 744-9081-8-62 

Cite this article as: Christie et al:. Genetic association between APOE*4 
and neuropsychiatric symptoms in patients with probable Alzheimer's 
disease is dependent on the psychosis phenotype. Behavioral and Brain 
Functions 2012 8:62. 



References 



10. 



12. 



13. 



DeMichele-Sweet MA, Sweet RA: Genetics of psychosis in Alzheimer's 
disease: a review. Journal of Alzheimer's disease: JAD 2010, 19:761-780. 
Deutsch LH, Bylsma FW, Rovner BW, Steele C, Folstein MF: Psychosis and 
physical aggression in probable Alzheimer's disease. Am J Psychiatry 1991, 
148:1159-1163. 

Magni E, Binetti G, Bianchetti A, Trabucchi M: Risk of mortality and 
institutionalization in demented patients with delusions. J Geriatr 
Psychiatry Neurol 1 996, 9:1 23-1 26. 

Panza F, Frisardi V, Seripa D, D'Onofrio G, Santamato A, Masullo C, 
Logroscino G, Solfrizzi V, Pilotto A: Apolipoprotein E genotypes and 
neuropsychiatric symptoms and syndromes in late-onset Alzheimer's 
disease. Ageing Res Rev 201 1, 1 1:87-103. 

Hollingworth P, Sweet R, Sims R, Harold D, Russo G, Abraham R, Stretton A, 
Jones N, Gerrish A, Chapman J, et al: Genome-wide association study of 
Alzheimer's disease with psychotic symptoms. Mol Psychiatry 201 1, 
17:1316-1327. 

Lopez OL, Becker JT, Kaufer Dl, Hamilton RL, Sweet RA, Klunk W, DeKosky ST: 
Research evaluation and prospective diagnosis of dementia with Lewy 
bodies. Arch Neurol 2002, 59:43-46. 

Tariot PN, Mack JL, Patterson MB, Edland SD, Weiner MF, Fillenbaum G, 
Blazina L, Teri L, Rubin E, Mortimer JA, et al: The Behavior Rating Scale for 
Dementia of the Consortium to Establish a Registry for Alzheimer's 
Disease. The Behavioral Pathology Committee of the Consortium to 
Establish a Registry for Alzheimer's Disease. Am J Psychiatry 1995, 
152:1349-1357. 

Mack JL, Patterson MB, Tariot PN: Behavior Rating Scale for Dementia: 
development of test scales and presentation of data for 555 individuals 
with Alzheimer's disease. J Geriatr Psychiatry Neurol 1999, 12:21 1-223. 
Kamboh Ml, Aston CE, Hamman RF: The relationship of APOE 
polymorphism and cholesterol levels in normoglycemic and diabetic 
subjects in a biethnic population from the San Luis Valley. Colorado. 
Atherosclerosis 1995, 112:145-159. 

Lumley TKR, Ma S: Relative Risk Regression in Medical Research: Models, 
Contrasts, Estimators, and Algorithm. UW Biostatistics Working Paper Series, 
2006, Working Paper #293. 

LA McNutt WC, Xue X, Hafner JP: Estimating the relative risk in cohort 
studies and clinical trials of common outcomes. Am J Epidemiol 2003, 
157:940-943. 

Harrell FE, J: Regression Modeling Strategies: with Application to Linear 
Models, Logistic Regression and Survival Analysis. New York: Springer- 
Verlag; 2001. 

Venables WN, Ripley BD: Modern applied statistics with 5. 4th edition. New 
York: Springer; 2002. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www. biomedcentra I .com/su bmit 



(3 BioMed Central 



V 



